High-power DC-DC converter will be one of the essential technologies for the future DC grids. Especially, a three-phase dual-active bridge DC-DC (3DAB) Converter is highly suitable for high-power DC systems. Key component within this converter is the high power transformer operated at a medium frequency (MF) range. The design and optimization of this key component is presented in this paper. The transformer provides galvanic isolation from low voltage level to medium level or high voltage level and provides stepping up or down of the output (secondary) voltage. At first, a design of three-phase medium frequency transformer is developed. The designed transformer is then validated using two-dimensional (2D) transient finite element analysis (FEA) and performance under the non-sinusoidal excitation is determined. After that, the optimization is carried out, for the set of selected design variables, in order to enhance the power density and efficiency of the targeted transformer. Finally, the performance of the full system, 3DAB converter, is determined using the parameters of optimized transformer. Also, two different rated input voltages for 4MW/1kHz threephase transformer are considered and analysed in this paper.
Introduction
DC grids for offshore wind energy have been receiving special research attention. Most important advantages of DC grids for offshore wind farm are low power losses and small size cable for carrying large amounts of power over long distances [1, 2] . Using 3DAB conversion system, furthermore, a bulky 50/60Hz transformer can be replaced by MF transformer operating at the kilo-hertz range, resulting in considerable reduction in transformer weight/size. Two possible configurations, one with V1 = 690V and another with V1 = 3.3kV, are considered for the DC grid for offshore wind farm and is shown in Fig. 1 . Considering the maximum voltage obtainable from space vector modulation scheme for the maximum modulation index of 0.9, the maximum V2's for the respective V1's are 1.1kVand 5.2kV. The DC grid include, a PWM rectifier that converts the output voltage of wind turbine into Low-Voltage (LV) DC, a Medium-Voltage (MV) DC-DC converter located in the wind turbine platform that boost's the LV DC to MV DC and an HV DC-DC platform that again boost's up the MV DC to HVDC transmission level. Additional wind turbines can be connected to the MVDC grid for power collection. In this work, a 4MW wind turbine (WT) system is considered to analyse and validate the proposed systems. Most generators are developed for rated voltage of 690V but to improve the efficiency at higher power levels, an alternative solution for rated voltage of 3.3kV is considered. ABB [3] and GE [4] have recently developed high power generators for rated voltage of 3.3kV. 3DAB Converter which is suitable for high-power application has been studied in [5, 6] . The 3DAB Converter offers a higher power capability and smaller passive filtering parts compared to single-phase dual active bridge (1DAB). One key component of 3DAB Converter is a high-power galvanic transformer enabling isolation with MV line for a safety operation and also enabling a soft-switching control which can reduces the switching losses. Design of conventional transformers operating at 50/60Hz has been presented in [7] [8] [9] [10] . For high power application, transformers operating at medium or high frequencies are considered because increase in operating frequency provides significant reduction in the transformer's size and weight leading to reduced manufacturing cost and overall volume of the system. Design of medium/high frequency transformer is presented in [11] [12] [13] [14] [15] [16] , however, they only consider the design procedure of single-phase transformer. More recently, design of threephase transformer for 3DAB converter topology with the focus on losses has been developed [6, 16] . The work presented here not only considers power loss analysis but also carries out optimization, for maximizing the efficiency, of three-phase MF transformer operating at 1kHz. Moreover, comparison between the two voltage levels, 690V and 3.3kV, is carried out to determine which is the optimal configuration for the MVDC grid.
3DAB Converter
A 3DAB converter topology is depicted in Fig. 2 
The transformer size and reactive power are determined by apparent power of Y-Y transformer which can be calculated as
RMS values of phase current at primary side of the transformer can be computed from the following
Substituting Equation (4), Equation (5) 
Transformer Design and Optimization
The proposed design procedure for the 3DAB MF transformer is shown in Fig. 3 . In the pre-design phase, the 3DAB converter system is analysed and the basic specifications (turns ratio, non-sinusoidal converter current waveform, apparent power, expected efficiency and Bm) for the design of transformer are determined. 
Design of Window
From current density for the given cooling system, the primary and secondary conductor cross section areas can be calculated. In order to keep the skin effect to the minimum, the conductor diameter is kept smaller than twice the skin depth of the operating frequency. If the required diameter is larger than twice the skin depth, parallel strands are added to satisfy the condition. Knowing primary and secondary conductor areas and number of primary and secondary turns, the total primary and secondary copper areas can be determined. Total copper area (Aw_cu) is the sum of primary and secondary copper areas. Initially, the value of window utilization factor ku is assumed and the window area (Aa) is calculated as
Again, considering the assumed value for w/h, the values of w and h can be calculated from Equation 9 . Using the core cross section area and the window dimensions, the total core volume (volcore in m 3 ) can be determined as follows
The insulation level must meet with international standards. Partial discharge (PD) has to be considered at medium voltage level above 3kV. The insulation design is carried out using DUPONT™ NOMEX PAPER TYPE insulation with continuous dielectric stress level not exceeding 1.6kV/mm. A safety factor of 5 is used in the insulation design. Insulation thickness for turns, between layers, between windings and between winding and core is calculated depending upon the potential difference between them. Using this, total insulation cross section area (Aw_ins) can be calculated. A new value of ku, with 10% increased for safety, is calculated using the Equation 11 .
The calculated value of ku should be greater than the assumed value, if not, the calculated value is taken as the initial value and design is repeated. If the no value of ku (greater than 0.3) satisfies the condition than the design is discarded.
Calculating Magnetizing Current
Material selected for the core is M-19 29 Gauge. Using the BH curve of the material and knowing the peak flux density (Bm) in the yoke and limb, the MMF of the yoke (MMFy) and MMF of limb (MMFl) can be calculated. The magnetizing current required to saturate the transformer core to Bm is then given as   (12) 10% increase in the value of MMF is considered in order to consider the flux concentration at the corners of the window.
Calculating Power Loss
With the defined geometric parameters, the resistance of the primary and secondary are computed in the conventional manner, and are used to determine the total copper losses (Pcu).
 
where, Rp is primary winding phase resistance, Rs is secondary winding phase, Iprms is primary winding rms current and Isrms is secondary winding rms current. In the present work, the core losses are estimated using a modified Steinmetz equation given as
where kh is coefficient for hysteresis losses, ke is the coefficient for the eddy current losses, f is the fundamental frequency. Ps0 is core loss in W/kg and hence, the total core loss (Ps) is calculated using the weight of core (weightcore) as core s s core s core
where, s  is mass density of core material.
It is possible to calculate efficiency of the transformer using the power losses. The resulting efficiency must be higher than the expected design value. If this performance is not fulfilled, the design is discarded.
Optimizing Stray Inductance
In order to ensure soft switching of the 3DAB converter, a certain series inductance is required. Therefore, the selection 
where, MLTP is the mean length of the primary winding, wcu_p is the width of the primary copper in the window, dins_ps is the thickness of insulation between primary and secondary; and wcu_s is the width of the secondary copper in the window. 
Design Optimization
In this design optimization, a set of five design variables is selected to be optimised for the transformer design. The design variables enlisted below.
1. N1 is the number of turns of primary winding. The number of turns of secondary winding (N2) can be calculated using turns ratio. given set of design variable is selected and design of transformer is carried out as described in sections 3.1 to 3.5. Design that does not satisfy all the conditions specified in section 3.1 to 3.5 is discarded. The accepted design is validated using 2D transient FEA for sine excitation. 3DAB converter simulation is carried out using the stray inductance of the designed transformer and actual non-sine excitation waveforms are generated. Using this non-sine excitation waveform, again a 2D transient FEA is performed to compute the losses for non-sine excitation. Finally the efficiency is calculated and if it is greater the desired value the design is kept or else discarded. This procedure is repeated by varying the design variables until the full design space is spanned. Once, the design space is spanned completely, the generated designs are arranged according to the value of objective function and an optimal design is selected.
Objective Function
Most important parameters of designed transformer for 3DAB are efficiency, magnetizing current, copper losses, core losses and total weight. Efficiency is required to be maximized while magnetizing current, copper losses, core losses and total weight are required to be minimized. So, an objective function that satisfies this condition is selected for the optimization procedure and is given by Equation [19] . 
Optimized Transformer Designs
Optimal design of transformer is generated for 1.1kVDC and 5.2kVDC rated input voltage using the optimization algorithm discussed in section 3.6. Fig. 6 shows the variation of the efficiency with respect to total weight and stray inductance for both the 1.1kVDC and 5.2kVDC rated input voltage. Pink squares show the selected designs for each voltage rating. The performance comparison presented here shows a good match between the analytical and the FEA. The stray inductances of the optimized transformer are used for the 3DAB converter simulation. The resulting waveforms are shown in the Fig. 7 for both 1.1kVDC and 5.2kVDC rated input voltages. The non-sinusoidal excitation waveforms, generated from 3DAB converter simulation, are then used to perform a 2D transient FEA to determine the performance of the designed transformer for the actual (non-sinusoidal) excitation. The plot of time average total losses of the transformer designed for 1.1kVDC and 5.2kVDC under sine wave excitation and non-sine wave excitation are shown in Fig. 8 and Fig. 9 respectively. The comparison of losses for the sinusoidal and nonsinusoidal excitation for the optimized transformer designed for 1.1kVDC and 5.2kVDC rated input voltage are shown in Table 3 and Table 4 
Conclusions
Isolation transformer is a key component of 3DAB DC-DC converter which is again an important part of DC-DC conversion (DC grid). Transformer is used for not only providing the galvanic isolation but also to change the voltage levels i.e. step up or step down (essential for power transmission). The work presented deals with the design and optimization of the transformer for 3DAB converter under the actual (non-sine) excitation for a 4MVA transformer of 3DAB converter, having 1.1kV and 5.2kVDC rated input voltages respectively. The results obtained from the analytical design are compared with the 2D transient FEA and shows a good match. The analytical results are always overestimating and hence, the final design would always perform better than the expectation. Targeted efficiency was 98.5% and the designed transformers for the 1.1kVDC and 5.2kVDC were able to achieve 98.95% and 99.01% efficiency respectively. There is increase in the core losses, from sinusoidal to nonsinusoidal excitation, by approximately 15%, and hence, it is essential to carry out the performance analysis for the actual 3DAB converter waveforms. The design optimization takes in to the account the non-sinusoidal excitation generated by simulation inside the optimization algorithm for the performance calculation of the designed transformer. 
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